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1 Introduction
Every component can be adjusted to the sensing needs. Today the combination of biology
with physicochemical transducers is harnessed to achieve complex bioanalytical measure-
ments with simple setups. There is a strong interest in low-cost biosensors with a fast
and real-time detection of the target analyte for routine point-of-care clinical evaluation or
real-time diagnosis of diseases. The variety of biological sensing elements and transducers
give the opportunity to use biosensors for a wide range of analytical tasks and in versa-
tile application ﬁelds from medical diagnostics through drug discovery/design, biomolecular
engineering, food industry or environmental control.[2, 5, 6, 7, 8, 9]
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leads to a continuous, fast, sensitive, selective and real-time detection of the analyte binding
to the sensor surface, and the transducer can be reused.[13, 8, 14, 11]
The label-free detection includes several diﬀerent techniques, e.g. refractive index detec-
tion, optical absorption detection and Raman spectroscopic detection. Diﬀerent kinds of
sensors, such as optical interferometers, grating coupler, and SPR are based on changes of
refractive index label-free detection. These sensors can detect both the refractive index of the
bulk solution (refractometer) and the refractive index change induced by molecule binding
(biosensor). [11, 12]
The scope of the thesis will be limited to surface plasmon based biosensors. The main
principle is the detection of refractive index changes close to the surface vicinity of metal
nanostructures, caused by recognition events or chemical reactions.
1.1.1 Generation of surface plasmon polaritons
In general, plasmonics deals with light-matter interactions, i.e. it describes the interaction
between light as external electromagnetic ﬁeld and metal. For example, in nanophotonics
plasmonics is a major topic to describe how electromagnetic ﬁelds can be conﬁned on the
order of or smaller than the wavelength of visible light. [15]
The plasmons are the quantization of the plasma oscillation, like photons are for light or
phonons are for mechanical vibrations. Plasma oscillation is also described as oscillation
of free electron density in a metal with respect to the ﬁxed counter ions. To explain the
plasma oscillation a short gedankenexperiment: Imagine a cube of metal is placed in an
external electric ﬁeld pointing to the left. Electrons will move to the right side and uncover
the positive ions on the left side. They will move until the ﬁeld inside the metal is canceled.
If the external electric ﬁeld gets negative the electrons move back to the left side because
they are attracted to the positive ions on the left side. The so-called plasma frequency
describes the movement or so-called momentum of the electrons and has to be fulﬁlled to
induce plasma oscillation. [8]
If the light frequency is below the plasma frequency, the light will be reﬂected from the
metal because the energy will be too low to move the electrons. If the light frequency is
higher than the plasma frequency, the light will transmit through the metal surface because
the electrons in the metal cannot respond fast enough. Only if the light frequency is the
same as the plasma frequency, plasma oscillation is induced.
For the generation of surface plasmons, free electrons at the interface of two materials have
to be present. This implies that one material is a metal, where free conduction electrons are
abundant. In general, materials which possess a negative real and small positive imaginary
4
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Plasmon excitation occurs at a speciﬁc incident angle of the light, which leads to a transfer
of energy from the incident light wave into a surface plasmon and the following dissipation
in the metal ﬁlm.[17] If surface plasmons are generated, the reﬂectivity spectra show dips at
the resonant angle. A reduction of power in the reﬂected light is detected[18]:
sinθsp =
1
np
√
m(λ)d
m(λ) + d
(1.1)
where θsp is the speciﬁc angle of incidence, np describes the refractive index of the prism,
m(λ) is a wavelength dependent dielectric constant of the metal ﬁlm, λ is the excitation
wavelength and p is the dielectric constant of the dielectric layer.
If the refractive index is changed in vicinity to the gold surface, the incident angle for the
plasmon excitation changes and the dip in the reﬂectivity spectrum shifts. This alteration
can be described as change of the eﬀective refractive index (neff ):
∆neff (d, nl, nb) =
∆θres
Sb
[RIU ] (1.2)
where d is the thickness of the adsorbed layer, nl and nb the refractive indices of the layer
and the bulk respectively, θres the plasmon resonance angle and Sb the bulk sensitivity.
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Michael Faraday (1791-1867) and Gustav Mie (1868-1957) started to understand the
physics of nanoparticle plasmons. Already 1908 Gustav Mie published an analytical solution
to Maxwell's equations, describing the interaction of light with spherical particles. [24] He
explained the response of an uncharged spherical particle to an electromagnetic ﬁeld in a
homogenous medium. Mie was the ﬁrst who applied this to the problem of light scattering
of metal spheres. The scattering, absorption and extinction of nanoparticles is described by
wavelength dependent cross-sections. If a cuvette of the thickness d is ﬁlled with a particle
solution with the number density n, an intensity loss ∆I of an incident parallel beam passing
the cuvette is given by [25]:
∆I = I0(1− e
−n(Cabs+Csca)d) = I0(1− e
−nCextd) (1.3)
The resulting total scattering, absorption and extinction cross-sections are described as
following [26]:
Csca =
2π
|k|2
∞∑
n=1
(2n+ 1)(|an|
2 + |bn|
2) (1.4)
Cext =
2π
|k|2
∞∑
n=1
(2n+ 1)[Re(an + bn)] (1.5)
Cabs = Cext − Csca (1.6)
where k describes the incoming wavevector and n are integers that represent dipole,
quadrupole and higher multipoles of the scattering, which depend on the shape of the
nanoparticle (see anisotropic nanoparticles 1.1.3). The terms an and bn are composed of
Riccati-Bessel functions ψn and χn:
an =
mψn(mx)ψ
′
n(x)− ψ
′
n(mx)ψn(x)
mψn(mx)χ′n(x)− ψ
′
n(mx)χn(x)
(1.7)
bn =
ψn(mx)ψ
′
n(x)−mψ
′
n(mx)ψn(x)
ψn(mx)χ′n(x)−mψ
′
n(mx)χn(x)
(1.8)
In the equations m = n˜/nm and gives the relation between the complex refractive index of
the metal (n˜ = nRe+ inIm) and the real refractive index of the surrounding medium (nm). x
stands for x = kmr, where km = 2π/λm is the wavenumber in the medium, and r is the radius
of the particle. [22] The equation shows that the propagating ﬁeld of the nanoparticle can be
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tuned by the size of the nanoparticle because the size inﬂuences the relative magnitude of the
scattering and absorption cross-section. The absorption cross-section mainly dominates at
nanoparticles smaller than 20 nm. If the size of the nanoparticle is increased, the scattering
cross-section of the nanoparticles is increased, too. This ratio of scattering to absorption is
only inﬂuenced by the size of the nanoparticle, not by its aspect ratio. [27]
Both equations 1.7 and 1.8 have the real refractive index of the surrounding medium
included. Therefore, a change of the surrounding medium has direct inﬂuence on the extinc-
tion (and scattering) of the particle. This is the reason why nanoparticles can be used as
transducers. Changes in the surrounding, e.g. adsorption of biomolecules, cause a change in
the LSPR extinction (or scattering) wavelength maximum λmax:
∆λmax = m∆n
[
1− exp
(
−2d
ld
)]
(1.9)
Herem stands for the bulk refractive index response of the nanoparticles, ∆n describes the
refractive index change, d is the thickness of the adsorbate layer and ld is the characteristic
penetration depth of the nanoparticles' electromagnetic ﬁeld.[28]
Anisotropic nanoparticles
As described by the equation 1.4 and following, the shape and the size of the nanoparticles
contribute strongly to the spectral properties. Various shapes, such as spheres, triangles,
cubes, prisms, nanorods, nanostars, etc. have been already prepared to tune the LSPR band
from visible to infrared region. During , two main factors can be inﬂuenced:
• increase of edges and sharpness, which leads to a red shift of extinction spectra due to
an increase in charge separation
• increase of the particle symmetry, which increases the LSPR intensity
The number of peaks in the LSPR spectrum depends on the number of modes in which
a nanoparticle can be polarized. Especially anisotropic nanoparticles are sensitive to polar-
izations of the incident light. [29] For example, oblonged nanoparticles, e.g. nanorods or
nanopeanuts, show two resonance states in longitudinal and transverse direction. If the in-
cident light is polarized parallel to the main axis of the nanoparticle, the spectral maximum
comes from the longitudinal resonance. On the other hand, if the light is polarized perpen-
dicularly to the main axis, the spectrum gives information about the transverse resonance.
[30]
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The sensitivity of nanoparticles depends also on geometric parameters. For example, a
size change from 10 to 100 nm of spherical gold nanoparticles causes a red shift of 47 nm, and
a change of aspect ratio from 2.5 to 3.5 for an elliptical nanoparticle leads to a longitudinal
band change of 92 nm. [31] The shape of the nanoparticle inﬂuences the refractive index
sensitivity as well. McFarland et al. [32] showed that the highest sensitivities were reached
with silver nanorods, followed by silver triangles and silver spheres. Nanostructures with
high aspect ratios or sharp edges usually result in LSPR spectra showing several modes and
a high sensitivity to refractive index changes in the surrounding medium.
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in genetic analysis was the sequencing of the human genome. A new goal in molecular bi-
ology arose: rapid extraction and analysis of genetic information, which can be used for
DNA sequencing, gene mapping, clinical diagnosis of inherited diseases and rapid detection
of infectious microorganisms. [1, 39, 40, 41, 13]
The ﬁrst DNA biosensor was mentioned in 1988 by Fawcett et al. [42]. The DNA was
detected with a piezoelectric transducer. Additionally DNA biosensors with electrochemical
and optical (especially SPR) transducers were broadly studied in the 1990s. During the last
two decades a great eﬀort has been devoted to improve the selectivity and sensitivity of DNA
biosensors and miniaturization to decrease the sample volumes. Today the DNA detection
is of great interest in many ﬁelds: DNA diagnostics, drug development, gene analysis, fast
detection of biological warfare agents and forensic applications. [1]
The DNA biosensor takes advantage of the binding of complementary ssDNA sequences.
The probe or capture DNA is immobilized onto the transducer surface to recognize its com-
plementary target DNA by hybridization and the transduction for a successful hybridization
is measured depending on the transducer. [13]
Hybridization can be performed in two ways: target DNA hybridizes to a surface-tethered
capture DNA (solid-phase hybridization) or the hybridization occurs between the target DNA
and randomly distributed capture DNA in solution (solution-phase hybridization) [43]. These
hybridization schemes show diﬀerent behaviors. The focus in this work is on the solid-phase
hybridization; the capture DNA is bound to a surface and the target DNA hybridizes to it.
Solid-phase hybridization give the opportunity to wash oﬀ non-speciﬁc bonding sequences,
and only strongly paired strands will remain hybridized.
1.2.1 DNA detection on gold surfaces
The SPR sensor chip producer Xantec states on its website: "The quality of the data ob-
tained with a SPR system depends mainly on the sensor chip surface." [44] Hence, the
chip surface has to be additionally prepared and adjusted to the experimental needs. The
company BIAcore for example, which successfully established the SPR system, had one of
the strongest patent protections in the immobilization chemistry of the DNA to gold. To
immobilize the desired ligands, a carboxy-methylated dextran matrix is adsorbed to the
gold surface by carboxyl groups and activated by ethyl(dimethylaminopropyl) carbodiimide
(EDC) and N-hydroxysuccinimide (NHS). This technique increases the receptor loading ca-
pacity exponentially on the gold surface and is standard today. [5]
The penetration depths for gold surfaces are more than 200 nm. Hence, an additional
dextran matrix layer of minimum 100 nm does not have a signiﬁcant inﬂuence on the SPR
13
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signal.[45] In contrast, a 100 nm dextran layer on nanoparticles exceeds their penetration
depths and no biomolecule could be detected anymore. The conﬁned ﬁeld of the nanoparticles
is only sensitive to changes in the close vicinity. Therefore, the ssDNA has to be immobilized
directly on the nanoparticles surface to achieve the highest sensitivity. The immobilization
can be performed as direct adsorption or covalent adsorption to the transducers' surface.
The subsequent hybridization eﬃciency is strongly inﬂuenced by the surface capture DNA
density, conformation of capture DNA strands and curvature of the solid surface.
Covalent adsorption
The most common covalent immobilization form are self-assembled monolayers (SAMs).
Organic assemblies are formed by chemical adsorption (i.e. chemisorption) of molecular
components from solution or gas phase onto the surface of solids. The molecules or ligands
that form SAMs organize spontaneously into crystalline (or semicrystalline) structures. They
consist of a chemical functionality ("headgroup"), with a speciﬁc aﬃnity for a substrate. The
most common example are N-alkylthiols or disulﬁdes, which consist of an alkyl backbone
chain, thiol head and functional tail groups. The thiol head group has a strong aﬃnity
to bind to metal surfaces (e.g. silver and gold) and the other functional end consists of
biomolecules, the capture DNA strand, respectively. [46, 47, 48, 13]
The self-assembly process on gold is not yet fully elucidated. It is reported that the ad-
sorption of thiols follow two or three kinetic steps. For example, Peterlinz and Georgiadis
claimed that the process consists of a rapid ﬁrst step and a slow third step following Lang-
muir adsorption kinetics and the second step is independent from the concentration (zeroth
order). [49] Dilimon et al. [50] investigated the adsorption of n-tetradecanethiol (RSH) by
electrochemical analysis. The results showed that after 3 minutes of fast adsorption an inter-
mediate stage was reached, this condition continues for 5 minutes and is followed by a slow
ﬁnal adsorption. The intermediate region was less pronounced in solutions with higher con-
centrations (> 2µM). The intermediate state may come from the change from physisorption
to chemical binding of the molecules to the surface. [51]
R− SH + Au→ R− S − Au+ e− +H+ (1.10)
The arrangement of the SAM with DNA plays an important role for a high hybridization
eﬃciency. [38] Two main points have to be considered: capture DNA accessibility and
aﬃnity of target DNA to capture DNA adsorbed on the sensor surface. A higher accessibility
leads to a higher hybridization eﬃciency and ﬁnally to stronger signals. It depends on the
conformation of the surface and ssDNA coverage density.[52]
14
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Direct adsorption
The direct adsorption implies the immobilization of DNA on a transducer surface with-
out nucleic acid modiﬁcation. The backbone phosphate (pKa value = 2) of a chemically
synthesized DNA contains n - 1 (n = number of bases) negative charges and the bases are
non-charged within a pH range from 5 to 8, therefore DNA is negatively charged at neutral
pH. [38] The DNA can be directly adsorbed on a positively charged surface. In case of gold
nanoparticles the surface is negatively charged, an additional positively charged layer would
be needed to immobilize the DNA on the surface. Further, the DNA would adsorb ﬂatly on
the transducer surface and less binding sites would be available for the target DNA.
Recent publications [53, 54, 55, 56] showed that these disadvantages of direct DNA ad-
sorption on gold can be circumvented by considering aﬃnity interactions between the DNA
bases and the gold surface. Spectroscopic studies have shown that a strong chemical bonding
exists between DNA bases and a gold surface. Kimura-Suda et al. [53] studied the compet-
itive adsorption between all possible pairs of unmodiﬁed oligomers to polycrystalline gold
ﬁlms. They showed that homo-oligonucleotides adsorb on gold with relative aﬃnity A > C
≥ G > T. [53] According to Jang the strong adsorption of deoxyadenosine is caused by the
N6 exocyclic amino and the N7 atom. [57] Deoxyguanosine is binding via the C=O group
together with N1 nitrogen. Jang suggested that deoxycytidine binds via the N3 nitrogen as
well as the keto oxygen, but corresponding to Doneux and Fojt the chemisorption occurs
just via the N3 nitrogen. [58] The weakest adsorption was expressed by thymine via the C4
keto oxygen. [57]
Adenine has the highest aﬃnity to gold; that is why it was claimed to use a poly(A) tail
for the adsorption of the capture DNA to the gold surface. Pei et al. [56] showed that this
method allows to deﬁne the distance between the capture sequence. The prolongation of the
poly(A) tail leads to an increased distance between the DNA strands. They even showed
that a faster adsorption of the DNA to the nanoparticle in solution was possible with a
citrate buﬀer at pH=3.0.
Curvature eﬀects
The particle curvature, which is related to the particle diameter, plays a crucial role in
controlling the DNA surface density. The highest packing density is close to the nanoparticle
and the disorder increases with increased distance from the particle surface. The volume per
molecule "[...]increases for spherical particles as the square of the radius with distance from
the particle center (in the shape of a truncated cone) but does not change with distance
from a plane." [59] On planar gold surfaces Steel et al. [60] reported maximum coverages
for ssDNA on the order of ~ 5 x10
12molecules/cm2 (2nm2/molecule). If the curvature of the
15
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surface increases, it is possible to adsorb more ssDNA strands. Hill et al. [61] compared
adsorption of 25-nucleotide DNA strands on nanospheres with a diameter from 10 to 200 nm.
The occupied molecular area varied from 5nm2 (2.0 x 1013/cm2) for the smallest to 15nm2
(6.8 x 1012/cm2) for the largest particles. The smaller the nanoparticle, the higher the number
of adsorbed ssDNA strands.
Eﬀect of pH
The pH of the surrounding medium aﬀects the DNA adsorption to the transducer and the
DNA conformation. Gold nanoparticles are usually prepared by a citrate reduction method
and are stabilized by weakly adsorbed citrate ions. In total the nanoparticles are negatively
charged. DNA is also highly negatively charged, which leads to a repulsion between the
DNA strands and the gold nanoparticles. Therefore, pH plays an important role in DNA
adsorption onto gold. The pH value of the surrounding buﬀer plays a role in the conformation
of the adsorbed ssDNA. At a pH greater than 9 deprotonation occurs for the bases thymine
and guanine and at pH below 4 protonation occurs for cytosine and adenine. DNA is thereby
a zwitterionic polymer. [38, 52]
Eﬀect of coadsorption
Herne and Tarlov [62] pointed out that a low hybridization eﬃciency results from high sur-
face coverage of ssDNA. The steric hindrance prevents the hybridization of the target DNA.
At low surface coverages, probes can adsorb in diﬀerent orientations on the surface, which
again leads to a low hybridization eﬃciency. An increase of the ssDNA availability can be
achieved by adding thiol compounds as chemical blocking agents. The length and terminal
group of these compounds have a crucial eﬀect on the sensitivity and detection limit. It was
shown that with the alkanethiol mercaptohexanol (MCH) the conformation of covalently
linked ssDNA on gold nanoparticles can be controlled. The addition of MCH leads to a
destabilization of the DNA bases adsorbed on the gold surface. This eﬀect improves the
hybridization eﬃciency because the hybridization accessibility is increased by erection of the
speciﬁc tethered ssDNA from the gold surface. The coadsorption of MCH has furthermore
two advantages: MCH is a short alkanethiol with a hydrophilic end-group. The additional
adsorption of MCH reduces steric crowding and electrostatic repulsion between the ssDNA
strands and it passivates the surface and prevents thereby the nonspeciﬁc adsorption of ss-
DNA. To achieve the desired eﬀects, the MCH concentration and reaction time are crucial
factors. [62, 63, 52, 64]
16
1 Introduction
Eﬀect of temperature
DNA can be denaturated by heating over the melting temperature Tm. Heating destroys the
hydrogen bonds between the nucleic acid strands and the base pairs. Tm depends on the con-
formation of the ssDNA (base order) and the saltinity of the solution. For adenine/thymine
base pairing a lower temperature is needed to break up the bonding compared to the gua-
nine/cytosine base pair. This comes from the diﬀerent number of hydrogen bindings between
the bases. Adenine/thymine base pair has a decreased binding stability compared to the gua-
nine/cytosine base pair. For comparison: if a short nucleic acid sequence is extended by an
adenine/thymine base pair Tm is increased for 2K and if a guanine/cytosine base pair is
added it increases for about 4K. The hybridization temperature can be calculated from the
melting temperature. The longer the DNA strand, the lower is the diﬀerence from the melt-
ing temperature to the hybridization temperature. [65] A high hybridization temperature
increases the binding speciﬁcity because the increased movement of the DNA caused by the
heating hinders the hydrogen bonding. At temperatures close to the melting temperature
perfect paired molecules are binding to each other and mismatches lead to destabilization
and separation of the double strand. At low temperature the chance of unspeciﬁc binding is
increased. [65]
1.2.2 Regeneration of DNA biosensor
One main advantage of the DNA based biosensor is the regeneration of the surface-immobilized
probe. The capture DNA can be reused without loss of hybridization eﬃciency. The regen-
eration can be induced thermally or chemically. For thermal regeneration the DNA has to
be heated up to 90◦C, which is hard to realize in a microﬂuidic chip due to bubble for-
mation. In terms of chemical regeneration several possibilities were reported. The DNA
can be exposed to a 10mM sodium hydroxide (NaOH) solution for 1min [66], to a 50mM
NaOH/0.1% sodium dodecyl sulfate (SDS) solution [67] or to 1 or 10mM hydrogen chloride
(HCl). [68, 69] Denaturation due to chemical agents has two advantages: It can be executed
faster than thermal denaturation and at room temperature.
1.2.3 DNAzymes
DNA is a dynamic molecule, which can form a number of spatial arrangements, such as single-
stranded hairpins, homoduplexes, triplexes and quadruplexes. A well-studied structure is the
guanine quadruplex (G-quadruplex) formed by guanine quartets. As mentioned before, the
usual base pairing occurs between adenine and thymine or guanine and cytosine. However,
G-quartets show a variation of base pairing, the so-called Hoogsteen base pairing. The
17
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DNA sequences in bioassays, detection of metal cations such as Ag+, Cu2+, Pb2+, Hg2+ and
Sr2+, ampliﬁed detection of small molecules like cocaine or adenosine or proteins such as
thrombin or lysozyme. [75, 76, 77, 70] The catalytic activity of DNAzymes can be observed
by indicator reaction. In biological applications two substrates are usually used: ABTS (2,2'-
azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)) and luminol. ABTS in combination with
H2O2 produces a colored product and leads to a change in the absorption spectrum. Luminol
reacts with hydrogen peroxide and generates chemiluminiscence with altered intensity.
19
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geometry.
As already mentioned nanoparticles can be produced with a variety of materials, sizes
and shapes. Here, spherical gold nanoparticles with the sizes 30 nm, 60 nm and 80 nm, gold
nanopeanuts and silver nanoprisms with gold edges will be tested as potential transducers
with the LSPR system. A protocol will be established to adsorb the nanoparticles on a glass
slide with a high density to gain distinct spectra with high signal-to-noise ratio.
The new sensing systems with the diﬀerent transducers will be initially evaluated by bulk
refractive index measurements. The refractive index in the whole medium surrounding the
nanoparticles will be changed and detected in real-time. This gives information about their
applicability as transducers and their bulk refractive index sensitivities.
Next to the bulk sensitivity, the surface refractive index sensitivity has to be determined
because biomolecules will bind directly on the nanoparticle surface. Nanometer thin poly-
electrolyte layers with opposite charges will be adsorbed alternately on the nanoparticles
with wash steps in between. This layer-by-layer (LbL) deposition mimics the adsorption
of biomolecules to the nanoparticle surface. The measurements will demonstrate if the two
sensing systems can be used for biomolecule detection and if the studied transducers are
applicable for biosensing with the applied setups.
Additionally, the results for bulk sensitivity will be compared with the results of the
SPR system. The resulting data of SPR and LSPR/sLSPR are not directly comparable, as
shown in Figure 1.8. Hence, for veriﬁcation the data will be converted to attain a direct
comparison of the diﬀerent systems. The identiﬁcation of the surface sensitivities will disclose
the potential of immobilized nanoparticles as biosensors.
Afterwards the LbL technique will be executed again, but polyelectrolytes will be ex-
changed to biomolecules. Protein multilayers will be adsorbed on the transducers. This
similar measurement procedure will verify if biomolecules can be detected with the applied
systems.
After adaptability tests, DNA-DNA interaction will be investigated on noble metal nanopar-
ticles. In Figure 1.9, the achievable DNA biosensor is depicted with the diﬀerent components
and the sensing principle. The desired target analyte is DNA, therefore the biorecogni-
tion element is the capture DNA. The binding event will be transformed by the plasmonic
nanoparticle into a change of color, respectively a spectral shift. This change of signal will
be analyzed and represented in a sensogram.
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Characterization of investigated transducers
The structural characterization of the used nanoparticles was carried out by atomic force
microscopy (AFM) and transmission electron microscopy (TEM). The topology of the ad-
sorbed nanoparticles was measured by atomic force microscope Dimension TM 3100 (Digital
Instruments, Veeco, USA) in tapping mode with tapping probes (Tap300-G, Budgetsensors).
Further analysis of the data was realized with Gwyddion 2.31. The TEM measurements were
conducted with a JEM 1400 (JEOL) with an accelerating voltage of 80 kV and the connected
camera Orius 1000 (GATAN). For the measurements the nanoparticles were dried on a TEM-
grid.
2.2 Preparation of microﬂuidic setup
To provide online detection of diﬀerent analyte solutions a microﬂuidic setup was imple-
mented that consisted of three parts (Figure 2.2): a syringe pump, an injection valve and a
microﬂuidic chamber. For a continuous ﬂow a two-syringe infusion/withdrawal pump (kd-
Scientiﬁc USA model 210, ser. No.4037) was used with ﬂow rates between 20µl/min and
500µl/min depending on application. The pump was connected by PTFE tubes with an
inner diameter of 0.5mm to an automated switching valve device (Rheodyne Automated
Switching Valves model EV750-201, serial number 8594; 10 position selector) for a better
and faster change of the solutions. The loop with the target solution had a capacity of 100µl.
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LSPR peak, the centroid of the LSPR peak was calculated as described in [78]. Further data
analysis was carried out with a Matlab program.
2.4 Bulk refractive index measurements
Bulk refractive index measurements were carried out as following: 3dH2O was used as run-
ning buﬀer which continuously ﬂew with 50µl/min (SPR system) or 20µl/min (LSPR and
sLSPR system). Glucose solutions with diﬀerent mass percentages (1 to 50%) were prepared
for the SPR and LSPR measurements. The solutions were continuously infused with the
same ﬂow rates as used for 3dH2O. In case of the sLSPR measurements glycerol solutions
(about 87%, Merck) with mass percentages of 25%, 50% and 75% were prepared and infused
with an increased ﬂow rate up to 100µl/min. Afterwards the ﬂow was stopped for 5min.
The solutions were freshly prepared for each measurement and the running buﬀer was ﬁltered
by syringe ﬁlters (Rotilabo, pore size 0.22µm, Carl Roth GmbH & Co. KG, Germany). The
refractive indices were measured by the pocket refractometer B331500 from Atago.
2.5 Functionalization of nanoparticles
2.5.1 Layer-by-layer deposition with polyelectrolytes
As running buﬀer 0.5M NaCl was used and 30mg of poly(allylamine hydrochloride) (PAH,
Mw ~58 000) and poly(sodium 4-styrenesulfonate) (PSS, Mw ~70 000) were diluted sepa-
rately in 15ml 0.5M NaCl. The measurements with the SPR system were performed with a
probe loop of 60µl and a ﬂow rate of 20µl/min during injection of the polyelectrolyte solu-
tions. The measurements with the LSPR system were performed with a probe loop of 100µl
and a ﬂow rate of 20µl/min. The running buﬀer was ﬁltered by syringe ﬁlters (Rotilabo,
pore size 0.22µm, Carl Roth GmbH & Co. KG, Germany) in advance.
2.5.2 Layer-by-layer deposition with proteins
For the protein adsorption a citrate buﬀer with pH=4.0 was prepared (see in appendix 6)
and used as running buﬀer. 100µg/ml Bovine Serum Albumin (BSA, Fraction V, Mw~69
000, Carl Roth) was diluted in citrate buﬀer pH=4.0. As alternate layer 0.1% dextrane
sulfate (sodium salt from Leuconostop, Fluka BioChemika) was used. The solutions were
stored at 4◦C in fridge after preparation. For the SPR and LSPR measurements citrate
buﬀer pH=4.0 was used as running buﬀer and ﬁltered by syringe ﬁlters (Rotilabo, pore
size 0.22µm, Carl Roth GmbH & Co. KG, Germany). The SPR chamber was heated to
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35◦C, and a ﬂow rate of 50µl/min was adjusted. The LSPR system was performed at room
temperature and with a ﬂow rate of 20µl/min.
2.5.3 Adsorption of single-stranded DNA and hybridization
Diﬀerent DNA sequences were used as described in further detail in table 1.
Name Length Sequence (5′ − 3′) Modiﬁcation
Asper2_T5 27 SH − (CH2)6 − (T )5GGGTTCAGCCTCACTGTCATGG 5′-Thiol
Asper2_T10 32 SH − (CH2)6 − (T )10GGGTTCAGCCTCACTGTCATGG 5′-Thiol
Asper2_A10 32 (A)10 −GGGTTCAGCCTCACTGTCATGG poly(A)
Asper2_A15 37 (A)15 −GGGTTCAGCCTCACTGTCATGG poly(A)
Asper2_T5_A10 37 (A)10 − (T )5GGGTTCAGCCTCACTGTCATGG poly(A)
Asper2_T5_A15 42 (A)15 − (T )5GGGTTCAGCCTCACTGTCATGG poly(A)
Asper2c 22 CCATGACAGTGAGGCTGAACCC
Leg4_A5 24 (A)5 − CGATACAGAGGGCGGCGAA poly(A)
Leg4_A10 29 (A)10 − CGATACAGAGGGCGGCGAA poly(A)
Leg4_A20 39 (A)20 − CGATACAGAGGGCGGCGAA poly(A)
Leg4_A30 49 (A)30 − CGATACAGAGGGCGGCGAA poly(A)
Leg4c 19 TTCGCCGCCCTCTGTATCG
Leg5_T5 25 SH − (CH2)6 − (T )5GGGTTAAGTCCCGTAACGAG 5′-Thiol
Leg5c 20 CTCGTTACGGGACTTAACCC
PS2.M 22 SH − (CH2)6 − (T )5GGGTAGGGCGGGTTGGG 5′-Thiol
Table 1: Overview of the diﬀerent DNA Sequences
The HPLC cleaned and lyophilised DNA strands were purchased from biomers.net and
stored at 4◦C until use. Afterwards the DNA was diluted with 3dH2O according to manu-
facturer's data. 100µl of thiol-modiﬁed capture DNA diluted in the ﬁltered running buﬀer
(KH2PO4 or citrate buﬀer pH=3.0) was infused into the microﬂuidic chamber with a ﬂow
rate of 20µl/min. The DNA concentrations diﬀered from 10 nM to 1µM. After capture DNA
immobilization the ﬂow rate was increased to 100µl/min and the running buﬀer was changed
to 5xSSC. The target DNA was diluted in 5xSSC with a concentration range of 100 nM to
1µM depending on measurement. The injection executed at a ﬂow rate of 20µl/min. The
PCR product was the complementary part of the Leg5 DNA sequence and consisted of 262
bases. The PCR product was diluted in 5xSSC, heated to 95◦C for 5min and cooled in ice
for 2min to gain single strands. Afterwards the target PCR solution was injected at a ﬂow
rate of 20µl/min. The DNA ampliﬁcation was executed by Stefanie Hentschel.
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3.1 Theoretical comparison of SPR and LSPR as transducer
The electromagnetic ﬁeld of a nanoparticle decays approximately ten times more quickly
than on a gold ﬁlm (Figure 3.1). Therefore, the penetration depth of the electromagnetic
ﬁeld on a nanoparticle is also 10 times lower compared to the SPR sensing system. The
penetration depth ld ranges between 5 - 30 nm depending on the size of the nanoparticle.
This big diﬀerence of decay length and further sensing volume has to be considered during
bulk refractive index measurements and surface refractive index measurements. [80, 81]
Figure 3.1: Calculated penetration depths for a gold ﬁlm (grey-dotted) and a 80 nm spherical gold
nanoparticle (blue). The penetration depth deﬁned as 1/e is marked by the red dashed
line.
Bulk refractive index sensitivity Sb is deﬁned as refractive index change in the whole
medium surrounding the gold ﬁlm/nanoparticle. [82]
Sb =
∆λpeak
∆nmedium
(3.1)
In contrast, the surface refractive index sensitivity Ss is conﬁned to refractive index changes
in a thin layer at the surface of the gold ﬁlm/nanoparticle. [82]
Ss =
∆λpeak
∆nlayer
(3.2)
The relationship between the signal of the SPR or LSPR system and the refractive index
and thickness of an adsorbed layer can be calculated and is shown in Figure 3.2. For compa-
rable results the eﬀective refractive index change ∆neff in refractive index units (RIU) was
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The graphs in Figure 3.2 show moreover that conformational changes cannot be detected
with the SPR system. ∆neff does not change if the refractive index and the thickness of the
layer are varied by conformational changes of the molecules, as depicted in Figure 3.2 - top
graph. The product of the thickness and refractive index of the layer (n∗d) is only inﬂuenced
by the surface density of the adsorbed molecules because the refractive index change will
be equalized by the inverse change of the thickness. [84] In contrast, the strong conﬁned
electromagnetic ﬁeld of the nanoparticles allows detection of these conformational changes.
In Figure 3.2 -middle, bottom graph, it is clearly visible that a refractive index change and a
constant product of n∗d induces in total a signal change. This can be used for determination
of the layer thickness. [83]
3.2 Characterization and sensitivity determination of applied
transducers
3.2.1 Gold ﬁlm as transducer - SPR
The SPR system based on a ﬂat gold ﬁlm was initially investigated for its sensoric response
by injection of solutions with diﬀerent refractive indices. As seen in Figure 3.3 -A, a stable
signal was achieved before and after infusion (infusion time interval shaded in grey) of the
glucose solution with water in continuous ﬂow. Each glucose solution led to a direct change
of the SPR signal. The diﬀerent solutions were prepared with the same proportion; therefore
a linear increase of the maximum SPR signal was expected. This was not totally fulﬁlled, the
second solution showed a decreased signal change than expected. The solutions' refractive
index were measured with a hand-held refractometer (as described in 2.4) for quantiﬁcation;
their values are inserted in Figure 3.3 -A. The refractive indices measured by the SPR system
and the hand-held refractometer are directly compared in Figure 3.3 - B. Ideally, the same
refractive indices are measured with both systems resulting in a linear slope of 1. The cal-
culated slope for the presented measurement is 0.82 corresponding to a measuring diﬀerence
of 18%. The slope diﬀerence is inﬂuenced by the measurement error at the second solution
and by an inaccuracy of the SPR system, which can be eliminated by calibration of the SPR
system.
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simulation (section 3.1).
As described before, nanopeanuts show two maximum peaks in their spectrum due to the
two plasmon modes. It was possible to detect the signal changes of both spectral maxima
during one measurement. Therefore, for both polarization modes the bulk sensitivity was de-
termined. The longitudinal or x-direction mode shows a lower sensitivity than the transverse
or y-direction mode with a 4 times higher bulk sensitivity.
The silver nanoprisms with gold edges showed the highest bulk sensitivity. Anisotropic
nanoparticles have a conﬁned ﬁeld at the corners and tips, which leads to a higher sensitivity
compared to isotropic (spherical) nanoparticles. But for long-term measurements (several
hours) they were not stable in comparison to other nanoparticles. As shown in Figure 3.6
the surface density was low and their extinction peak had a low signal to noise ratio. Small
changes on the surface led to high changes in the signal, which could have come from detached
residuals on the glass surface (see AFM picture in Figure 3.6).
Figure 3.8: Comparison of the bulk sensitivity of the studied nanoparticles. Spectral change in-
duced by refractive index change surrounding the nanoparticles is plotted and the bulk
sensitivity for each nanoparticle spot is given by the linear slope.
3.2.3 Single nanoparticles as transducers - sLSPR
Up to now, measurements were conducted by averaging over several nanoparticles densely
adsorbed on glass. Sönnichsen et al. [88] had proven that even single nanoparticles can be
detected under a microscope in dark-ﬁeld mode. The question was whether single nanopar-
ticles in a microﬂuidic chamber can be detected continuously to achieve an online detection
for biosensing. A low nanoparticle density on the glass substrate was achieved by dilution
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3.3 Comparison of transducer performances by molecular layer
adsorption
After detection of solutions with diﬀerent refractive indices and determination of the nanopar-
ticles' bulk sensitivities, further investigations were realized by application of a biomolecule
model to the presented systems. Nanometer thin polyelectrolyte layers (PEL) were adsorbed
by layer-by-layer technique on the gold transducers and their kinetic behavior during adsorp-
tion was followed. The results of the PEL adsorptions monitored with the diﬀerent systems
SPR, LSPR and sLSPR will be presented and compared.
3.3.1 Polyelectrolyte layers on gold ﬁlm - SPR
PEL were adsorbed on the gold ﬁlm under continuous ﬂow. Their alternate adsorption was
realized by utilizing their opposite charges: poly(allylamine hydrochloride) (PAH) positively
charged and poly(sodium 4-styrenesulfonate) (PSS) negatively charged. As seen in Figure
3.11, a stable signal was achieved with the running buﬀer 0.5M NaCl. The PEL solutions
were alternately infused (color shaded area) with a period of running buﬀer inbetween (white
area) and a total amount of 20 layers. The SPR signal change of the ﬁrst ﬁve layers is shown
in Figure 3.11, where each PEL was adsorbed in 2min. The kinetic behavior diﬀers compared
to the refractive index measurements. It is clearly visible that each layer adsorbs on the gold
surface because the SPR signal stabilizes on a diﬀerent level and does not go back to the
baseline. The two polyelectrolytes show diﬀerent kinetic behavior during adsorption: PAH
leads to a lower increase than PSS. The change back to the running buﬀer results in a slight
increase of the SPR signal. Even though the polyelectrolytes were diluted in the running
buﬀer it can be a change of the bulk refractive index or the layers swell due to additional
salt ions in the buﬀer.
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Figure 3.13: Spectral maximum change of the investigated nanoparticles induced by adsorption
of polyelectrolyte layers. All measurements were executed with the LSPR system,
except single Au80, which was done with the sLSPR system.
3.3.3 Comparison of diﬀerent systems
On the basis of the PEL detection the new LSPR and sLSPR systems can be compared
to the already established SPR system, which gives information about their sensitivity for
biomolecule detection. For comparison the LSPR and sLSPR results were changed into the
eﬀective refractive index (neff ) after equation 3.3. The diﬀerence in error is determined by
comparison of the basic signal during continuous ﬂow. For the LSPR and sLSPR system
the results with 80 nm nanoparticles were chosen. As shown in Figure 3.14, the most stable
signal was achieved with the SPR system. The other systems have 100x (LSPR) or even
1000x (sLSPR) higher signal changes compared to the SPR signal. The noise of the SPR
system is 100/1000 times lower than with the other systems.
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3.4 Biomolecule detection
The previous measurements proved the adsorption of the PEL layers. In the following chap-
ter the detection systems are further investigated for detection of biomolecules. Similar to
the LbL technique with polyelectrolytes a layer-by-layer adsorption with the protein bovine
serum albumin (BSA) and the complex branched glucan dextrane sulfate (DS) will be pre-
sented. Subsequently, the main focus will be on the DNA detection and its optimization for
a reliable detection of DNA hybridization. In the last chapter, the results of the detection
of hemin binding to a G-quadrulex aptamer will be introduced.
3.4.1 Deposition of protein multilayers
After the PEL layer deposition the question was if it is possible to detect adsorption of
proteins and protein multilayers. The layer-by-layer deposition was composed of the protein
bovine serum albumin (BSA) and the glucan dextrane sulfate (DS) and were applied to the
SPR system and the LSPR system with 80 nm nanoparticles. In Figure 3.17 the results for
both systems (A - SPR system, B - LSPR system) are shown. Citrate buﬀer pH=4.0 was
used as running buﬀer in continuous ﬂow (white background) and alternately the solutions
of BSA (red background) and DS (green background) were injected. The results of the LSPR
and the SPR in eﬀective refractive index units are directly compared in Figure 3.17 -C.
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3.4.2 DNA deposition and hybridization detection
Until now preliminary results were shown to verify the utility of immobilized nanoparticles
as biosensor within a microﬂuidic setup. The following chapter focuses on the main part, the
detection of DNA with immobilized nanoparticles. Before the detection of the target DNA
can be carried out, the surface of the nanoparticles has to be biofunctionalized with ssDNA.
Thereafter, the availability of the DNA for hybridization had to be guaranteed and ﬁnally
the hybridization of the target DNA was studied.
3.4.2.1 Optimization of biofunctionalization on immobilized nanoparticles
Primarily the immobilized 80 nm spherical nanoparticles were biofunctionalized with ssDNA,
capture DNA. As described in chapter 1.2.1, thiol has a high aﬃnity to gold. Therefore,
DNA strands with thiol-modiﬁcation were used as capture DNA. The goal was a homogenous
layer of ssDNA (capture DNA) on the nanoparticle's surface with a high accessibility for
the hybridization of the target DNA. Diﬀerent conditions for the biofunctionalization of
the nanoparticles were investigated and their inﬂuences will be described in the following
sections.
Inﬂuence of buﬀer on capture thiol-DNA immobilization
For a fast and reliable immobilization of the capture DNA, two procedures with diﬀerent
buﬀers were studied. Georgiadis et al. [89] reported the immobilization of ssDNA to gold
with 1MKH2PO4 pH=4.4 as buﬀer. This protocol was applied to the LSPR system (Figure
3.19 -A). 1M KH2PO4 pH=4.4 was continuously injected into the microﬂuidic chamber as
running buﬀer but no stable signal of the baseline was achieved. The injection of 1µM
thiol-modiﬁed capture DNA (green shaded) had, after the second infusion, an inﬂuence on
the signal decrease.
The same procedure was performed with 500mM citrate buﬀer pH=3.0 as buﬀer after
Zhang et al. [52] (Figure 3.19 - B). In contrast to the other buﬀer, a stable signal of the
baseline was achieved and the kinetics of the adsorption of the same capture DNA was
directly traceable for both infusions (green shaded). Additionally, it was observed that after
the ﬁrst injection a stable signal was reached and only a small shift was detected with the
second injection of the capture DNA. The results show clearly that the citrate buﬀer with a
low pH is the preferable procedure for the adsorption of the capture DNA.
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4.1 Comparison of SPR, LSPR and sLSPR
Characterization of investigated transducers
Glass chips with densely immobilized nanoparticles with diﬀerent shapes (spherical, nano-
peanuts and nanoprisms) were prepared. All nanostructures were successfully adsorbed on
the glass chip over an area of ~ 0.25 cm
2. The AFM images show a rather homogeneous
nanoparticle distribution with rare nanoparticle aggregations. The height of the nanopar-
ticles correspond to the given diameters and is relatively uniform for all structures. The
surface concentration of the nanostructures is increasing with decreasing nanoparticle size.
Larger nanoparticles have a higher total charge on their surface leading to stronger repulsion
between the nanoparticles and causing larger spaces between the immobilized nanostruc-
tures. This assumption is conﬁrmed by the AFM images of 60 nm spherical nanoparticles
and nanopeanuts with a length of 60 nm. The immobilized nanostructures showed a com-
parable density. The lowest surface density was measured for silver nanoprisms with gold
edges caused by lower concentrations in solution.
Measurement of bulk refractive index
Solutions with diﬀerent refractive indices were utilized to determine the bulk sensitivity Sb
of the investigated nanoparticles. The bulk sensitivity for spherical nanoparticles changes
with size. An increase in size leads to a higher sensitivity. This is in agreement with
theoretical results in literature [82]. Nanostructures with higher aspect ratios or sharp edges
are well known for their increased sensitivity compared to spherical nanoparticles. Therefore,
nanopeanuts with a similar shape to nanorods and nanoprisms were investigated.
Two plasmon modes were induced and detected with the nanopeanuts. The detected spec-
tra were comparable to nanorods with two peak maxima.[90] The resulting bulk sensitivities
for the nanopeanuts diﬀered with their plasmon mode. The transverse mode (y-polarization)
showed a higher bulk sensitivity because of the conﬁned ﬁeld on the tip of the nanopeanuts.
The spectrum of the silver nanoprisms were detectable, even though the AFM image
conﬁrmed a low surface concentration. In comparison to the other nanostructures, the
nanoprisms showed the highest sensitivity to bulk refractive index changes. As described in
literature, so-called hot spots (conﬁned electromagnetic ﬁelds at the tips of the nanoprisms)
result in an increased sensitivity to dielectric changes. [91, 92] The bulk sensitivity conﬁrms
the high potential for nanoprisms as transducers as described already in literature [87, 93].
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The bulk sensitivity measurements on single nanoparticle level were the initial perfor-
mance tests of the microﬂuidic system integrated into the microscopy set-up. The advantage
of sLSPR is the localization of the detection volume on a single nanoparticle; the nanoparti-
cles at the LSPR setup are excited everywhere on the substrate. The online detection of the
bulk refractive index change was successful, spectral changes with each solution were clearly
visible. The calculated bulk sensitivity was lower compared to the measurements with 80 nm
spherical nanoparticles layer (LSPR). The diﬀerence originate from the fact that the mea-
sured nanoparticle geometry at sLSPR can deviate from the average size of the nanoparticles
measured with LSPR. During sLSPR measurements the maximal signal change was not ac-
curately deﬁned as with LSPR. Even though the ﬂow was stopped after the injection, the
signal increased. It indicates that the solution is still moving and the refractive index is
changing until it reaches the ﬁnal value. This can be explained by the high viscosity of the
solution, compared to water, which leads to a slower diﬀusion in the chamber.
The bulk refractive index measurements were realized for all nanostructures and even
on a single nanoparticle. The calculated bulk sensitivities are comparable to results from
literature and conﬁrm that oblonged nanostructures or nanostructures with hot spots are
more sensitive to dielectric changes.
Measurement of thin polyelectrolyte layers
Thin molecular layer adsorption was chosen to mimic the adsorption of biomolecules on the
nanostructure surface. PEL are charged polymers forming a monomolecular layer with a
deﬁned and constant thickness in the lower nm range. [94] By LbL technique PEL layers
with diﬀerent opposite charges were alternately adsorbed from solution to the gold layer
(SPR) and nanostructures (LSPR and sLSPR) except nanoprisms. Even though the silver
nanoprisms were coated with gold on the edges to prevent a reshaping, the salt concentration
of the running buﬀer induced a degradation. The subsequent PEL adsorption was not
feasible.
The sensogram of LSPR and SPR demonstrate the adsorption of each PEL layer and the
self-termination of PEL adsorption. The curve of the ﬁrst layer diﬀers from the other layers.
This may come from an inhomogeneous adsorption of the polyelectrolyte molecules on to
the gold surface. An adsorption up to twenty subsequent PEL layers was detectable with
the LSPR and the SPR system. The total signal response was diﬀerent for each layer caused
by diﬀerent layer thickness as shown by Caruso et al. [95]. PSS has a higher layer thickness
compared to PAH and causes a higher signal change. Hence, thickness diﬀerences in nm
range were traceable. At the LSPR system the dependence on the number of deposited
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PEL layers is non-linear with an asymptotic value of 200 000µRIU for all nanostructures.
The SPR system results followed a linear behavior as expected from the calculations. The
maximum values of ∆neff were reached faster with smaller nanoparticles. These results are
similar to the calculated data and conﬁrm that the E-ﬁeld is maximal on the nanostructure
surface and decays into the dielectric bulk. Further, the resulting ∆neff approve that the
decay depends on the radius of the nanoparticle and the order of mode. The penetration
depth for 30 nm and 80 nm spherical nanoparticles is calculated to ~ 9 nm and ~ 19 nm.
Beyond the penetration depth changes on the surface are not detected anymore. Hence, the
adsorption of the polyelectrolyte layers was only detectable until 9 and 19 nm. After 6 and 20
PEL layers no further increase in signal was detectable with 30 nm and 80 nm nanoparticles.
Consequently, the estimated thickness for each PEL layer is 1 to 3 nm.
On a 80 nm single nanoparticle (sLSPR) twelve PEL layers were adsorbed and detected in
real-time. The signal change ∆neff is comparable to the LSPR result with 80 nm nanopar-
ticles, but the rate of the signal change is diﬀerent. The local adsorption at the single
nanoparticle is not identical with the average adsorption on nanoparticle layer, and, as men-
tioned before, the nanoparticle geometry can deviate from the average size.
From the peak position variation over time the lowest detectable ∆neff was determined
to be better than 100µRIU for the LSPR system and 1 000µRIU for the sLSPR system.
However, the SPR system gave the lowest detectable ∆neff around 1µRIU. This comparison
shows that the SPR system is better in the determination of the bulk refractive index. These
values for neff precision is inﬂuenced by the physical principles and the instrumentation,
which is well established in the SPR system. Especially the collection of the optical signal
with the sLSPR setup is very sensitive to small mechanical movement/vibrations occurring
during the measurement.
Apparently, the stronger E-ﬁeld conﬁnement is no advantage for the bulk refractive index
measurements. However, its advantage is present for measurements in thin ﬁlms. The
strongest surface sensitivity (Ss) was achieved by the LSPR system with 30 nm nanoparticles
and the ﬁrst layers. ∆neff of the ﬁrst 2 PEL layers was 40 times higher compared to the
values of the SPR system (∆neff (LSPR - 30) = ~86 000µRIU;∆neff (SPR) = ~2 090µRIU).
The 80 nm nanoparticles showed a 6 times higher change of neff compared to the SPR
system (∆neff (LSPR - 80) = ~30 000µRIU). This signal improvement conﬁrms that the
surface sensitivity of nanostructures is higher compared to the SPR system. However, the
dynamic range of the layer thickness detection is reduced. The nanoparticle size has to be
chosen depending on the size of the target biomolecules and the type of application (molecule
detection or detection of molecule's conformational changes).
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4.2 Biomolecule detection
4.2.1 Measurement of protein multilayers
Multilayers can be formed with the protein bovine serum albumin (BSA) and the glucan
dextrane sulfate (DS). The alternate adsorption is similar to the LbL technique with PEL.
Assuming that the dimension of BSA are 5.5 x 5.5 x 9 nm [96] and DS is a ﬂat glucan chain
with less than 1 nm, then the maximal number of BSA/DS bilayers would be 5 because of
the penetration depth of 80 nm spherical nanoparticles. The thickness diﬀerence of the two
layers was observable in the signal changes. Comparable to the results with the PEL layer, a
linear behavior was detected with the SPR system and a non-linear behavior with the LSPR
system. The maximum values of∆neff were approximately reached at 6 bilayers of BSA/DS.
This result conﬁrms that up to 20 nm dielectric changes in the nanoparticle environment can
be detected and that nanoparticles are more sensitive compared to the SPR system.
The detection of four BSA/DS multilayers was achieved on a single 80 nm spherical
nanoparticle. The shifts were comparable to the results with the LSPR, but at 4 bilay-
ers already the asymptotic value was reached. As mentioned before the geometry of the
single nanoparticle may diﬀer compared to the average nanoparticle geometry. The data
show again that the sLSPR system is very sensitive to mechanical movement/vibrations oc-
curring during the measurement. Thus, the sLSPR is inapplicable for DNA detection due
to the low signal-to-noise ratio.
4.2.2 DNA immobilization and hybridization
The promising results with the LSPR with 80 nm nanoparticles gave the opportunity to use
this setup as DNA biosensor with the aim to detect the hybridization of the target DNA
to the adsorbed single-stranded capture DNA. As capture DNA a short DNA strand with a
length of 19 or 22 bases was applied, which corresponds to a length of around 7 nm [97]. The
PEL measurements and the protein multilayers conﬁrmed that with 80 nm nanoparticles it
is possible to detect a change up to 20 nm in the surrounding of the nanoparticles due to the
penetration depth ld of ~ 19 nm. The DNA is in close proximity to the nanoparticle surface
during adsorption and hybridization and should lead to a shift of the nanoparticle spectrum.
Diﬀerent strategies were pursued to succeed in detecting DNA hybridization in real-time.
Eﬀect of diﬀerent buﬀers on covalent DNA adsorption
Two diﬀerent buﬀers were investigated for covalent adsorption of capture DNA. Herne et al.
[62] showed that thiol-modiﬁed DNA can be bound to gold ﬁlms in 1M KH2PO4 pH=4.4.
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This procedure was already applied in the working group for DNA measurements on nanopar-
ticles in dry-state [98]. With KH2PO4 as running buﬀer no stable signal was reached and
the kinetic behavior implies a continuous change of the refractive index surrounding the
nanoparticles. The signal decrease may come from surface changes of the nanoparticles, e.g.
removement or addition of surfactants. The injection of capture DNA led to stable signal
and thus implies a passivation of the nanoparticle surface. On one hand these results did not
verify an adsorption of the capture DNA and on the other hand a stable signal is needed to
determine the signal change induced by capture DNA adsorption. From the measurements
with LbL technique similar adsorption kinetics with an increase of signal was expected. Be-
sides, this procedure did not show auspicious results to achieve a fast detection of capture
DNA adsorption. Unlike former measurements, where capture DNA was exposed to the
nanoparticles for several hours, here the adsorption should be carried out in several minutes.
Zhang et al. [52] published that fast adsorption is possible with a pH 3.0 citrate buﬀer.
Their measurements were carried out in nanoparticle solution and indicated that thiol-
modiﬁed DNA can be adsorbed on the gold surface within a few minutes. The presented
results conﬁrm that the same method can be adopted to nanoparticles immobilized on a sur-
face. The signal was stable compared to the measurements with KH2PO4 buﬀer. This may
come from the stabilization of the nanoparticles by citrate. The following adsorption of the
DNA showed similar binding kinetics as with polyelectrolytes or proteins and within 5min
a stable signal was reached once again. The second injection veriﬁed that the nanoparticle
surfaces were almost saturated with DNA and one injection is completely suﬃcient. The
results show clearly that the citrate buﬀer with a low pH is the preferable buﬀer for the
adsorption of the capture DNA.
Eﬀect of diﬀerent DNA concentrations on immobilization
Diﬀerent capture DNA concentrations were injected to study if a fully saturation can be
achieved with less amount of DNA. The injection 10 nM DNA showed a slight decrease of
the signal. For explanation of this phenomenon instead DNA solution buﬀer with water
instead of DNA was injected via the probe loop. The same decrease was detectable as
with 10 nM DNA and shows that the change comes from a minimal refractive index change.
100 nM DNA induced an increase in signal, but 25 times less than the signal induced by
1µM DNA. The results show that a full saturation within 5min cannot be achieved with
low DNA concentrations.
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Eﬀect of plasma etching on DNA immobilization and hybridization
The investigated nanoparticles were purchased and the company does not give informa-
tion on the supplementaries for stabilization of the nanoparticles in solution. Although the
nanoparticles were rinsed with water and dried under nitrogen stream, it cannot be assured
that no residuals were left on the nanoparticle surface. To ascertain if the substrates have
to be cleaned before biofunctionalization, measurements were performed with and without
additional plasma etching.
The comparison of the induced shifts by capture DNA adsorption did not show a distinct
diﬀerence. In both cases the DNA adsorbed on the surface. Only the kinetic diﬀered at
the measurements with plasma cleaning in advance. A increase and decrease was observable
at the beginning. This can be explained by the DNA adsorption process consisting of the
physical adsorption and the slower chemical bonding. The decrease may originate from DNA
strands which did not adsorb properly on the nanoparticle surface and are removed during
chemical adsorption and erection of the other DNA strands. [89, 50]
The subsequent hybridization disclose that plasma cleaning is necessary to achieve higher
hybridization eﬃciencies. With plasma cleaning the shifts were 3 times higher compared to
the substrates without plasma cleaning. It can be assumed that the surface of the nanoparti-
cles is still covered with residuals and stabilization factors from storage solution. Therefore,
the thiol-modiﬁed DNA cannot bind properly to the nanoparticle surface.
At the non-cleaned substrates, the coadsorption of MCH did not induce a shift of the
spectral maximum, which emphasizes that there are no free binding sights on the nanoparticle
surface and the DNA cannot be erected or does not have to be erected. The low spectral
maximum shift with the target DNA supports the assumption that a low number of capture
DNA strands are adsorbed on the surface.
The substrates were also investigated in dry state. Spectra were taken before and after
plasma cleaning and a shift to lower wavelengths were clearly visible. This implies that
something is removed from the nanoparticle surface. A high purity of the substrates is
crucial to adsorb the capture DNA on the nanoparticle surface and reach accordingly a high
hybridization eﬃciency.
Eﬀect of coadsorption with MCH on hybridization
Herne and Tarlov [62] asserted that the accessibility of the capture DNA for the target
DNA can be enhanced by coadsorption of a small blocking molecule, mercaptohexanol. As
described by Sandström et al. [99] single-stranded DNA molecules can bind nonspeciﬁcally
to the nanoparticle surface despite their negative charge. The additional treatment of the
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substrate with MCH should result in a displacement of the nonspeciﬁcally bound ssDNA
and blocks free binding sites on the surface. To assure that the same process occurs also
on the nanoparticles, MCH was applied after biofunctionalization of the nanoparticles with
capture DNA.
The measurements on nanoparticles without adsorbed DNA showed that MCH is adsorbed
on the nanoparticles and after one injection the nanoparticles are almost saturated. A big
signal change was observable due to the refractive index change from 5xSSC (running buﬀer
during hybridization) to water. 5xSSC was applied to compare the kinetic behavior to
the results with DNA. The measurements with DNA were carried out after capture DNA
immobilization and change to 5xSSC.
The injection of the target DNA before MCH induced a 10 times lower shift compared
to the results after coadsorption of MCH. This supports the assumption that thiol-modiﬁed
DNA lies down on the gold surface due to nonspeciﬁc adsorption and are raised oﬀ the
surface by addition of MCH. The desorption of the DNA is visible in the kinetic during
MCH adsorption. The signal decrease is induced by the local refractive index change of the
solution, but the rise comes from the capture DNA movement. The repeated injection of
the target DNA shows clearly that the capture DNA is now accessible for hybridization.
The results approve that coadsorption of MCH is needed to increase the availability of
the capture DNA and that the method can be implied under continuous ﬂow. It was even
possible to adsorb MCH and raise the capture DNA within 1min.
Investigation of diﬀerent DNA sequences and spacer lengths
Two diﬀerent DNA sequences and spacer lengths were investigated to determine their inﬂu-
ence on DNA adsorption on the nanoparticle surface and on hybridization eﬃciency. The
immobilization for both DNA sequences and spacer lengths resulted in an average spectral
shift of 1 nm but with a high divergency. No correlation was traceable for the signal diﬀer-
ences. The injection with capture DNA was repeated at the measurements with 10 thymine
spacer. If a high shift was detected at the ﬁrst injection no shift was detected during repe-
tition. If a low shift was injected in advance the same total shift was detected again at the
repetition. Hence, shifts of 1 nm and more are caused by fully saturation of the nanoparticles
with capture DNA. In all three cases some adsorption sensograms show a decrease of the
spectral maximum and a subsequent increase. As already explained in the section before,
this may come from the two adsorption steps of thiol-DNA to gold surfaces.
For both DNA sequences and spacer lengths a spectral change was detectable caused by
hybridization. The results from the DNA sequence with a ten thymine spacer showed a higher
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consistency. This can be explained by a higher accessibility of the capture DNA for the target
DNA. The short spacer leads to a decreased distance between the DNA strands. Therefore,
an interaction between the capture DNA strands is more likely. Again the total spectral
shifts resulted in a high divergency. The previous capture DNA adsorption was considered
as possible factor. A low spectral shift with the capture DNA may lead to a low shift with
the target DNA because less DNA was adsorbed on the surface, or the other way around
leads to a higher shift because the DNA distance is increased and more accessible. The
hybridization results were compared to the shifts at the adsorption but no correlation was
found. The results from the measurements without cleaning of the nanoparticles with plasma
etching showed a low spectral shift comparable to the lowest results with the Legionella DNA
sequence. Hence, low shifts may come from not properly cleaned nanoparticle surfaces, even
though the same protocol was used for all measurements.
Furthermore it has to be considered that the measurements were carried out at room
temperature. The chance of unspeciﬁc binding increases between the DNA strands at low
temperature. The capture DNA strands and target DNA strands can bind unspeciﬁcally
among each other leading to a decreased accessibility for speciﬁc hybridization.
The binding of complementary target DNA was detected with both DNA sequences and
spacer lengths within 5min. The inconsistencies require additional investigations. An in-
creased accessibility of the capture DNA was not achieved with longer spacer length.
Speciﬁcity test by hybridization of non-target DNA
The detected binding speciﬁcity was veriﬁed by injection of a sequence non-complementary to
the capture DNA. The representative example showed no spectral shift, hence no binding of
the non-target DNA to the capture DNA. At additional measurements a shift was detectable,
but the signal change was maximal a third from the shift with target DNA.
The non-target DNA binding was clearly distinguishable from the binding of the target
DNA. Therefore, the presented sensor shows a high speciﬁcity for the target DNA, even
though the detection temperature is at room temperature.
Eﬀect of diﬀerent DNA concentrations on hybridization
The concentration of 1µM DNA was set as default for all measurements. A lower concen-
tration of 100 nM target DNA solution was investigated to study if lower concentrations are
detectable. A slight signal increase was observable with each injection of the 100 nM DNA.
The spectral shift was 14 times less compared to the shifts with 1µM DNA. For comparabil-
ity the ﬂow rate was kept the same during all injections. If less DNA is present in solution
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the DNA strands need more time to reach the nanoparticle surfaces. It can be assumed that
with an elongation of the injection time the same plateau would have been reached as with
higher concentration. Hence, the diﬀusion rate has to be considered at measurements with
low concentrations. The distinct signal change with 1µM DNA veriﬁed that the capture
DNA was available for hybridization.
Hybridization of PCR product
One application ﬁeld for biosensors is the detection of pathogens. Pathogens are present in
solution at very low concentrations. Therefore the pathogen DNA is ampliﬁed by PCR. The
ﬁnal DNA fragments or PCR products consisted of 262 nucleotides, 10 times more compared
to the synthetic target DNA. With longer DNA the chance of secondary structures is more
likely and causes less eﬀective or no hybridization to the capture DNA. Even though the
DNA was heated and cooled down before measurement, it cannot be excluded that the
DNA builds secondary structures in the tube on the way from the injection valve to the
microﬂuidic chamber (approx. 2min). For comparison, the ﬂow rate was kept constant
(20µl/min), which may result in too fast ﬂow for longer DNA to hybridize. In another
measurement the ﬂow rate was decreased to 5µl/min, but no increase at the spectral shift
was detectable. In general, detection of the PCR product was possible but not the same
shift was achieved as with synthetic DNA strands.
Regeneration of transducer
The ability to regenerate the sensor surface gives the opportunity to reuse the biosensor for
several measurements. The transducers do not have to be replaced between every use. This is
highly desirable because it reduces costs and improves the repeatability of the measurements.
The regeneration technique has to be adapted to the interaction between the recognition
element and the target element and depends on the binding strength.
Nucleic acid denaturants can be physical (e.g. thermal denaturation) or chemical (e.g.
chemical agents). Heating is the most frequent method for DNA denaturation, but bears
disadvantages for measurements with a microﬂuidic device. The solution heating in the
chamber increase the probability for bubble format and the denaturation process is slower
compared to chemical denaturation. For a rapid denaturation and renaturation of the DNA
chemical denaturation agents provide an ideal alternative to physical denaturation. Studies
[100] showed that alkaline agents such as NaOH can denaturate DNA and a renaturation
can be repeated after the change to hybridization buﬀer. In case of NaOH the DNA is
denaturated by the increase of the pH. The hydrogen bonds between the two DNA strands
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are broken because the hydrogen-bonds contributing protons from guanine and thymine are
removed.
The displacement of the target DNA was studied by injection of 1M NaOH within 1min.
The ﬂow rate was increased to 100µl/min to minimize the exposure time. The regeneration
of the sensor was tested at all hybridization measurements and comparable results achieved.
The representative example showed that even an increased signal was detectable at the
second and third injection after DNA denaturation. This may have two reasons: nonspeciﬁc
bindings were denaturated or the capture DNA was more accessible because the DNA strands
were separated. Zhang et al. [101] claimed that ssDNA strands are fully deprotonated at high
pH 8.5 and the separation between the strands increases because of electrostatic repulsion
forces.
The substrates were fully saturated by target DNA because no signal change was observ-
able during additional injection of target DNA. The target DNA was successfully displaced
by changing of the pH. The environmental changes did not have an impact to the capture
DNA and the immobilized nanoparticles. On the contrary, the results emphasized that the
capture DNA was more accessible for hybridization after denaturation.
Investigation of direct adsorption with poly(A) tails
The direct adsorption of the recognition element instead of self-assembled monolayers can
result in the immobilization of large quantities with deﬁnable packing densities as claimed
by Pei et al. [56]. The DNA base with the highest aﬃnity to gold is adenine. Therefore the
immobilization of two diﬀerent DNA sequences with poly(A) tails in various lengths were
investigated. To increase the availability of the ssDNA for hybridization additional spacers
with thymine were added. At the immobilization all sequences induced a shift, but it was not
possible to determine a trend or graduation that longer/shorter DNA sequences or poly(A)
tails lead to an increased/decreased shift. The binding kinetics and the resulted shifts are
comparable to the results with DNA adsorbed covalently to gold. Also the fast adsorption
with citrate buﬀer pH=3.0 was realized as described in literature [56].
However, the subsequent DNA hybridization did not result in a spectral maximum change,
even though the reliable DNA hybridization is described by Pei et al. [56] with nanopar-
ticles in solution. The direct adsorption is based on a weak attachment of the DNA bases
to the nanoparticle surface by van der Waals and electrostatic forces. In contrast to the
results in literature, the nanoparticles were immobilized on a surface and implemented in
a microﬂuidic chamber. Hence, the ﬂow of the solution has an impact on the ssDNA. The
results may conclude that the DNA strands did not adsorb properly to the nanoparticle or
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did not withstand the pressure by the ﬂow and were washed away during the change to the
hybridization buﬀer. This assumption was conﬁrmed by additional infusion of capture DNA
in citrate buﬀer after hybridization. Again a spectral maximum change was reached as be-
fore hybridization. If MCH was coadsorbed after hybridization no shift during capture DNA
infusion was detectable because the surface was fully saturated with thiols. This veriﬁes that
the capture DNA adsorbs on the surface but with low stability.
Hence, both sequences with the diﬀerent poly(A) tails were not available for DNA hy-
bridization and the direct adsorption technique was not transferable on immobilized nanopar-
ticles under ﬂow.
4.2.3 Detection of hemin with G-quadruplex
As mentioned in section 1.2.3, DNA can form G-quadruplex and bind hemin to form a
DNAzyme with catalytic activity. The catalytic reaction of silver deposition is well known in
combination with horseradish peroxidase. [102, 25] Until now the silver deposition reaction
was not applied to DNAzymes. It allows the development of new bioassays with surface
plasmon resonance or electrochemistry as detection techniques. Especially the application
on noble metal nanoparticles is interesting because of their high sensitivity to local refractive
index changes. Even small peroxidase activity on the nanoparticle surface could be detected.
Hence, ﬁrst steps were undertaken to combine the LSPR system with DNAzymes.
The results show that with the LSPR system it was not possible to diﬀerentiate between
the binding of hemin to the G-quadruplex or the adsorption directly to gold. The adsorption
of the PS2.M DNA sequence was successful, but it could not be veriﬁed if the G-quadruplex
formation was present after buﬀer change. The preliminary results were not distinct therefore
no silver deposition was applied.
4.3 Conclusion
The investigated biosensor setups conﬁrmed the potential of nanostructures for bioanalytical
applications. The highly localized LSPR sensing volume eliminates the need of additional
labeling or adsorbed matrices for signal enhancement as often done with SPR system. Es-
pecially the simple LSPR setup showed promising results for a fast, reliable and real-time
detection of target analytes for routine point-of-care clinical evaluation or real-time diagnosis
of diseases.
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Metal nanostructures with their attractive optical properties are of great interest in the ﬁeld
of biosensing. In this thesis, a label-free online detection of biomolecules with immobilized
nanoparticles in a microﬂuidic chamber was realized. Two label-free sensor arrangements
based on densely adsorbed (LSPR) and single nanostructures (sLSPR) were combined with
a microﬂuidic system and compared to a commercial available system (SPR). The exper-
imentally determined bulk sensitivities for spherical and anisotropic nanostructures were
comparable to the results from literature and conﬁrmed that oblonged nanostructures or
nanostructures with hot spots are more sensitive to dielectric changes.
The surface sensitivity of the three sensing systems were investigated by sequential de-
position of charged PEL layers and protein multilayers. The measurements conﬁrmed that
the LSPR signal has a non-linear dependency on the number of deposited layer in opposite
to the SPR system, that the signal change is higher compared to the SPR system and that
the signal depends on the size of the nanoparticle and the plasmon mode. Even though the
signal noise of the LSPR system was higher compared to the SPR system, the higher surface
sensitivity minimizes this disadvantage.
It was also possible to detect the successive adsorption of PEL layers and protein mul-
tilayers online on an area smaller than 0.02µm2 on a single 80 nm spherical nanoparticle.
However, the signal noise of the sLSPR was substantial larger compared to the other systems,
caused by the lower intensity of the detected scattered light from the single nanoparticles
and the mechanical instability. The low signal-to-noise ratio showed that the setup is non-
applicable for DNA detection.
The real-time detection of DNA-DNA binding was realized on 80 nm spherical gold nanopar-
ticles (LSPR setup) in a microﬂuidic chamber without labeling. Two DNA sequences were
successfully adsorbed covalently on the nanoparticles' surfaces and the subsequent hybridiza-
tion was traceable within 5min at room temperature. The additional application of non-
target DNA veriﬁed the speciﬁc binding between the capture and target DNA and the
binding process was repeatable by a chemical denaturation agent. Investigations concerning
the buﬀer during biofunctionalization, the pre-treatment of the substrates with plasma and
the coadsorption of mercaptohexanol resulted in an enhanced capture DNA adsorption and
availability for target DNA hybridization. Although direct adsorption is reported as possi-
ble biofunctionalization technique, the hybridization of target DNA to capture DNA with
poly(A) tails was not transferable to immobilized nanoparticles (LSPR setup) due to the
weak binding forces between the nucleotides and the gold surface.
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The DNA sequence forming a G-quadruplex was successfully adsorbed on the nanopar-
ticles, but it could not be veriﬁed if the G-quadruplex formation was present after buﬀer
change and if hemin bound to the 3D DNA structure. Further investigations on DNAzymes
in combination with immobilized nanoparticles have to be executed.
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Metallische Nanostrukturen mit ihren einzigartigen optischen Eigenschaften zeigen ein großes
Potential für biosensorische Anwendungen. In dieser Arbeit wurde eine marker-freie Detek-
tion von Biomolekülen in Echtzeit mit Hilfe von immobilisierten Nanopartikeln in einer
mikroﬂuidischen Kammer gezeigt. Zwei experimentelle Anordnungen mit dicht immobil-
isierten (LSPR) und einzelnen Nanostrukturen (sLSPR) wurden mit einem Fluidsteuerungs-
system kombiniert und mit einem kommerziell erhältlichen System verglichen (SPR). Die ex-
perimentell bestimmte Sensitivität bei Brechungsindexänderungen war für die sphärischen
und anisotropischen Nanostrukturen in Konsens mit den Daten in der Literatur. Die Ergeb-
nisse haben auch bestätigt, dass anisotropische Nanostrukturen eine höhere Sensitivität
aufzeigen.
Die Oberﬂächensensitivität der drei untersuchten Systeme wurde mit PEL-Schichten und
Protein-Multischichten bestimmt. Die Messungen haben gezeigt, dass das LSPR-Signal, im
Gegensatz zum SPR-Signal, eine nicht-lineare Abhängigkeit bei der Adsorption der Schichten
aufweist. Außerdem konnte gezeigt werden, dass die Änderung des LSPR-Signals von der
Größe der Nanopartikel und der Plasmonmode abhängt und insgesamt höher ist, als beim
SPR system. Das erhöhte Rauschsignal bei dem LSPR System konnte durch die höhere
Oberﬂächensensitivität kompensiert werden.
Die Adsorption der Polyelektrolytschichten und Protein-Multischichten konnte auch erfol-
greich in Echtzeit auf einer Fläche kleiner als 0.02µm2 auf einem einzelnen 80 nm sphärischen
Nanopartikel detektiert werden. Das Rauschsignal war jedoch viel höher verglichen zu den
anderen Systemen hervorgerufen durch die geringere Intensität des gestreuten Lichtes des
Nanopartikels und aufgrund von mechanischer Instabilitäten. Das geringe Signal-Rausch-
Verhältnis hat gezeigt, dass der verwendete Messbau nicht für DNA-Messungen geeignet
ist.
Eine Echtzeit-Detektion von DNA-DNA Bindung konnte mit dem LSPR System mit 80 nm
sphärischen Gold-Nanopartikeln gezeigt werden. Zwei verschiedene DNA Sequenzen wurden
erfolgreich kovalent auf den Nanopartikeln als Fänger-DNA gebunden und die anschließende
Hybridisierung war innerhalb von 5 Minuten bei Raumtemperatur detektierbar. Messungen
mit unspeziﬁscher DNA haben die hohe Speziﬁtät der DNA Bindung bestätigt und die Hy-
bridisierung war durch eine Lauge-Denaturierung wiederholbar. Untersuchungen bezüglich
des Puﬀers während der Biofunktionalisierung, der Reinigung der Substrate mit Plasmaätzen
und der Coadsorption von Merkaptohexanol haben zu einer erhöhten Adsorption und Erre-
ichbarkeit der Fänger-DNA geführt. Obwohl die direkte Adsorption von Fänger-DNA mit
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poly(A)-Schwanz in der Literatur beschrieben wird, war diese Methode auf immobilisierte
Nanopartikel nicht anwendbar. Die Anziehungskräfte zwischen den Nukleotiden und der
Gold-Oberﬂäche waren zu gering.
Thiol-modiﬁzierte DNA, die eine G-quadruplex Struktur bilden kann, wurde erfolgreich auf
den Nanopartikeln adsorbiert. Aber es konnte nicht nachgewiesen werden, ob die 3D Struktur
nach dem Puﬀerwechsel vorhanden war bzw. ob Hämin an der DNA Struktur gebunden
hat. Weitere Untersuchungen müssen mit DNAzymen und immobilisierten Nanopartikeln
durchgeführt werden.
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APPENDIX
Appendix
Chemicals
Chemical Purity, Concentration Manufacturer
Acetic acid 100% p.a. Carl Roth GmbH & Co.
KG , Germany
Acetone Carl Roth GmbH & Co.
KG , Germany
(3-Aminopropyl)triethoxysilane (APTES) 98%, 25 g abcr GmbH, Germany
Bovine Serum Albumin ≥ 98%, Fraktion V,
Mw~69 000
Carl Roth GmbH & Co.
KG , Germany
Citric acid monohydrate for analysis Merck KGaA, Germany
Dextrane sulfate Sodium salt from Leu-
conostoc ssp.
Fluka BioChemika
Ethanol pro analysi; denatured
with 1% methyl ethyl ke-
tone
Merck KGaA, Germany
D-(+)-Glucose ≥ 99.5% Sigma Aldrich
Glycerol ~ 87%, GR for analysis Merck KGaA, Germany
Hemin Sigma Aldrich
Hydrochloric acid 37% Merck KGaA, Germany
6-Mercapto-1-hexanol 97% Sigma Aldrich
Poly(allylamine hydrochloride) Mw~58 000 Sigma Aldrich
Poly(sodium 4-styrenesulfonate) Mw~70 000 Sigma Aldrich
Potassium dihydrogen phosphate ≥ 99%, p.a., ACS Carl Roth GmbH & Co.
KG , Germany
Sodium chloride > 99.8%,
M=58,44 g/mol
Carl Roth GmbH & Co.
KG , Germany
Sodium hydroxide ≥ 99%, p.a., ISO Carl Roth GmbH & Co.
KG , Germany
20 x SSC Roti-Stock, steam steril-
ized
Carl Roth GmbH & Co.
KG , Germany
Trisodiumcitratedihydrate ≥ 99%, p.a., ACS Carl Roth GmbH & Co.
KG , Germany
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